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MODEL SYSTEMS

CARDIAC MYOCYTE CULTURES IN VITRO

Beginning in the 1960s myocardial cell cultures were developed for mechanistic studies of cardiac
metabolism and function. The following is a summary of some of the mammalian cardiac cell culture systems
that have been described in the literature. A significant research effort has been invested in chick embryo
myoblast cell culture. However, for the purposes of this project these activities have been excluded because of the

problems of extrapolation from avian to mammalian cardiac toxicity that would require extensive validation.

Neonatal Rat Heart Cell Cultures

Wenzel, et al. (1970) investigated the effects of nicotine on cultured neonatal rat heart cells. Using a
procedure described by Mark and Strasser (1966) to dissociate heart cells from 2 to 4 day old Sprague-Dawley
rats, they evaluated techniques to separate myocardial cells from endothelial cells which tended to overgrow the
muscle cell cultures. Having improved the purity of the myocardial cell cultures, they demonstrated that nicotine
increased spontaneous cell beating rates. At higher concentrations of nicotine, there was evidence of cytotoxicity

(vacuole formation and nuclear swelling).

Schanne, et al. (1977) described the electrogenic properties of a preparation of rat (Sprague-Dawley)
neonatal ventricular myocytes derived from 24 to 48 h old rats (the original description of this preparation is in
German). Cardiac myocytes derived from the lower third of the neonatal hearts are cultured in streptomycin-free
media, since streptomycin was found to interfere with spontaneous electrical activity. Various studies were
conducted to characterize the nature of the spontaneous beating activity. The authors concluded that the
electrogenic pacemaker activity is a result of a slow, tetrodotoxin insensitive - manganese sensitive, inward

current. Some of the properties of this culture system differ from those observed in other model systems.

McCall (1976) describes studies of myocardial cells in culture using the method of Harary and Farley
(1963) as modified by Blonciel, et al. (1971) to improve the purity of the myocardial cell preparations. The




purpose of the studies was to investigate the effect of quinidine, a drug used to control tachycardia, on cardiac cell
function. Using Na flux measurements and cell contraction rates as experimental parameters, McCall was able to
demonstrate that quinidine reduced the spontaneous beating rate of the myocardial cells in culture and this effect
was correlated with a reduction in Na influx. Na influx and spontaneous beating rate was insensitive to
tetrodotoxin (Na channel blocker) and highly sensitive to verapamil (Ca channel - slow inward current blocker).
Furthermore, quinidine only affected the verapamil sensitive Na influx.

Welder et al. (1991b) used primary cultures of neonatal myocardial cells to investigate the effects of
dietary manipulations during gestation. The investigators used the method of Wenzel et al. (1970) to isolate
myocardiac cells. Several observations of this study are important. First, there were significant differences
between the cells isolated from neonates of dams given a full-calorie diet during gestation versus those given a
50% calorie-restricted diet. This observation indicates that cells retain treatment-specific characteristics even after
isolation. Second, the investigators determined the B-adrenergic receptor density (receptors per cell) and affinity
(Kp) using a radio-ligand binding assay. Since epinephrine acts on cardiac myocytes through the B-adrenergic
receptor, these studies indicate the presence of the appropriate receptor in the cultured cells.

Details of the preparation of neonatal rat myocardial cells is given by Welder and Acosta (1993).

Adult Rat Heart Cell Cultures

Early investigations of adult rat myocardial cell cultures (Vahouny, et al., 1970) indicated that
spontaneously beating cells could be obtained and cultured. Heart tissue was minced and treated with digestive
enzymes to isolate myocytes. Primary cultures exhibited spontaneous beating rates ranging from 20 to 120 beats
per minute at room temperature. The beating rate was highly dependent on medium conditions.

Farmer, et al. (1977) described a different procedure to produce myocyte cultures from adult rats
involving the perfusion of multiple rat hearts to increase yield. The cell preparations obtained exhibited a 70%
viability. In many respects these cell cﬁltures exhibit normal metabolic regulation but under low Ca culture
conditions ([Ca] < 10® M) the myocytes do not beat spontaneously - random twitching is reported. However, if
the calcium concentration is increased, rapid twitching of most cells is observed. This is referred to as the
"calcium paradox" and is related to a loss of control of Ca permeability of the cell membrane. The investigators
demonstrated that isoproterenol (a B,-/B,-adrenergic receptor agonist) increased intracellular cAMP and this effect




was blocked by propranolol (a B-adrenergic receptor antagonist) indicating that the B,-adrenergic receptors,
through which epinephrine acts, was present and functional.

Welder, et al. (1991a) recently described an improved perfusion technique to obtain adult rat myocytes.
Their procedure is based on previous work by Farmer, et al. (1983) and Khetarpal, et al. (1988). This system was
used to investigate the cardiac toxicity of amitriptyline, a tricyclic antidepressant.

Rabbit Heart Cell Cultures

Dani, et al. (1979) developed a perfusion technique to isolate myocardiac cells from the rabbit heart. The
" cell membrane of the cultured myocytes was electrochemically shunted and freely permeable to Ca, therefore the
cells did not exhibit spontaneous beating. The objective of these studies was to investigate calcium transport m
relation to contractile activity and this preparation proved useful for this purpose.

Canine Heart Cell Cultures

Vahouny, et al. (1979) described a procedure to isolate canine ventricular myocytes, which is based on
their procedure to isolate adult rat heart cells (Vahouny, et al., 1970). Cells isolated by this technique lost their
spontaneous beating activity rapidly, within the first hour, but could be stimulated to contract with high Ca

concentrations {calcium naradox) Annhain and aninanhrna
CONCERUaUlHS \Caliuini paraGlx ), Guadaill aiiG .

Recent Applications

- Invitro cellular model systems have been used extensively for basic cardiac research activities. A review

of the recent literature (1992-1994) is summarized in Table 1. .

Conclusions

There is a significant history of the isolation and culture of myocardial cells from various mammalian
species. Over the years the techniques have improved significantly such that current cell culture systems retain the
ability to spontaneously beat in the absence of artificial manipulations of culture conditions. It appears that




cultures of either neonatal rat heart myoblasts or adult rat myocytes could form the basis of an experimental in

vitro test system to investigate the cardiac sensitization potential of chemicals. Any model system selected for
further investigation should be characterized with respect to expression and response of B,-adrenergic receptors
{the target of epinephrine) and Na and Ca fluxes before cardiac sensitization validation studies can be initiated.

TABLE 1

Model

Life Stage

Species

Reference

Myocardial cells

Fetal

Human

Goldman and Wurzel, 1992

Cardiomyocytes

Neonatal

Rat

Flanders et al., 1993; Yamazaki et al., 1993
Itoetal. 1993

Suzuki et al., 1993

Hilenski et al., 1992

Ventricular cardiomyocytes

Neonatal

Rat

Ortaetal., 1993

Atkins et al., 1992
Dostal et al., 1992
Ogawa et al., 1992

Ventricular cardiomyocytes

Neonatal

Canine

Liuetal., 1992

Cardiomyocytes

Adult

Rat

Clark et al., 1993

Venema and Kuo, 1993
Hartmann and Schrader, 1992
Sadoshima et al., 1992a
Sadoshima et al., 1992b
Blank et al., 1992

Springhom et al., 1992
Schulz et al., 1992

Cardiomyocytes

Adult

Rabbit

Hung and Lew, 1993
Liu et al. 1993

Cardiomyocytes

Adult

Canine

Youker et al., 1992

Cardiomyocytes

Adult

Feline

Woosley et al., 1993

Ventricular cardiomyocytes

Adult

Guinea pig

Failli et al., 1992
Walsh and Long, 1992
Adamantidis et al., 1992

Ventricular cardiomyocytes

Adult

Rat

Eidetal., 1992




CARDIAC SUBCELLULAR ORGANELLES

Several studies have utilized subcellular organelles derived from cardiac tissues to investigate
mechanisms of cardiac function. Studies on cardiac mitochondrial function are probably not relevant to the issue
of cardiac sensitization. However, models for calcium transport processes may be useful if the membrane effects
of sensitizing agents alter calcium pump activity and/or regulation. Recent studies have utilized canine
sarcolemma vesicles (Qu, et al., 1992) and rat ventricular sarcoplasmic reticulum (Pessah, et al., 1992). These
systems may be useful for mechanistic studies.

ISOLATED HEART TISSUES

Heart tissues have been explored as research models for cardiac studies. Minces of heart have been
employed in receptor binding studies (Hull, et al., 1993). Many studies, summarized in Table 2, utilize intact
tissue, mostly atrial tissue, from adult animals as the research model. These preparations have advantages over
isolated cell cultures for electrophysiological studies of signal conduction in sifu.

ISOLATED HEART PREPARATION

The isolated heart preparation has been used for many years to study regulation of cardiac function. The

system has the advantage of maintaining the integrated architecture of the entire heart, Electrophysiological

aRowLes Y WAL

studies can be conducted to measure action potential conduction velocities that could be relevant to the cardiac

sensitization question. Some recent studies described in the literature (1992-1994) are listed in Table 3.

SPECIAL PREPARATIONS

Several experimental models have been developed for special research projects to investigate mechanistic
questions concerning action potential initiation and conduction. These models are listed in Table 4.




TABLE 2

MODEL SPECIES REFERENCES

Isolated atrial strips Rat Salvatici et al., 1992a

Spontaneously beating atria Rat Schaefer et al., 1992
Agnoletti et al., 1992
Ward et al., 1992
Salvatici et al., 1992b

Isolated atria Rabbit Cusack et al., 1993

Spontaneously beating atria Guinea pig Lechner, 1993
Wilhelm et al., 1992
Eglen et al., 1992

TABLE 3
MODEL SPECIES REFERENCES
Isolated perfused heart Rat Klabunde et al., 1992
' Uusimaa et al., 1992

Van Wylen et al., 1992

Isolated perfused heart Mouse Ganim et al., 1992

Isolated perfused heart Rabbit Moller and Covino, 1993;
Ballagj et al., 1992

Isolated perfused heart Guinea pig Gallenberg et al., 1993

TABLE 4

MODEL SPECIES REFERENCES

Isolated cardiac ganglia Rat Selyanko, 1992

Cardiac Purkinje fibers Canine Hanck and Sheets, 1992;
Phillips et al., 1992

Cardiac Purkinje fibers Sheep Pacini et al., 1992
Rowan et al., 1992

’ Abete and Vassalle, 1992
Isolated perfused SA node Guinea pig Gonzalez and Vassalle, 1993




IN VITRO ASSAYS AS ALTERNATIVES

Cardiac sensitization by halogenated hydrocarbons appears to be a result of a physical-chemical
interaction of the toxic agent with the heart tissues. The ultimate effect appears to be an increase in the sensitivity
of the cardiac myocytes to the effect of epinephrine resulting in arrhythmia and potentially ventricular fibrillation.
The observation of a critical concentration of the chemical in the plasma below which the effect does not occur
and the immediate reversibility of the effects when the sensitizing agent is removed argue strongly in favor of a
mechanistic hypothesis that the effect is a direct action of the chemical on membrane structure of cardiac cells,
although other systemic effects cannot be ruled out completely. The development of an in vitro assay as an
alternative to the in vivo dog assay for the detection of cardiac sensitization requires development and validation

of a system that retains the essential cellular components of the process.

A basic schematic of the processes involved in cardiac muscle contraction are illustrated in Figure 1. The
main components of this process are depolarization, regulation of calcium release, activation of the molecular
elements of the contraction system (troponin - actin - myosin), and repolarization/restoration of calcium
reservoirs. The key characteristic of the cardiac sensitization effect is the increased sensitivity of the heart to
epinephrine. The cardiac effects of epinephrine are twofold - an effect on the rate of contraction, and an effect on
the strength of contraction. Epinephrine acts on heart tissue through the B,-adrenergic receptor (Figure 2). The
response of cardiac tissues to epinephrine at the cellular level is mediated through cyclic AMP. Thus, the cardiac
sensitizing chemical could affect the highly regulated response of cardiac myocytes to epinephrine at any stage of
the signal transduction-myocyte contraction continuum. Mechanistic studies should focus on the effects of known
cardiac sensitizers on signal transduction through the B,-adrenergic receptor and the regulation of ion fluxes

during spontaneous contraction.

Requirements for an in vitro model for the detection of a cardiac sensitizing agent include a cardiac

culture system that:
(1) exhibits synchronized spontaneous beating,
(2) is responsive to epinephrine,

(3) exhibits sensitivity to known cardiac sensitizers, and
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Figure 1: General schematic of processes involved in muscle contraction. Taken from Human

Physiology, Second Edition, David F. Moffett, Stacie B. Moffitt and Charles L. Schauf,
Mosby, St. Louts, 1993.
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(1) activates the beta, receptor, sending a G, signal to (2) Ca** channels, resulting in an
increase in the amount of trigger Ca** that enters during the plateau phase. This induces a
greater release of Ca** from the SR when (3) Ca** release channels are activated by de-
polarization. The ultimate result is that (4) cytoplasmic Ca™ ™ rises higher and more cross-
bridges are activated, making systole more forceful. The CAMP second message (5) set in
motion by the receptor stimulates Ca** pumping (6), making systole briefer.

B Two action potentials from the same myocardial cell before (left) and after (right)
adrenergic stimulation. The effect of activating beta, receptors increases the Ca*™ current
that flows during the plateau, heightening it.

Figure 2: The influence of the B1-adrenergic receptor on muscle contraction. Taken from Human
Physiology, Second Edition, David F. Moffett, Stacie B. Moffitt and Charles L. Schauf,
Mosby, St. Louis, 1993.




(4) can be cultured in a controlled atmosphere where the system can be exposed to the agents of

concern, mostly volatile organics.
The establishment of such a system is technically feasible considering the current state of knowledge in the field.

In the context of the long-term goal to develop new extinguishing agents, the development of a validated
in vitro screening test system to identify and rank the cardiac sensitizing potential of candidate agents is a high
priority. The time and cost ultimately saved by such a test system will far outweigh the initial investment in
development and validation. The value of mechanistic studies should not be underestimated. As a result of our
lack of understanding of the mechanistic basis of the cardiac sensitization process, the development of an in vitro
screen is based on intuition and can only be validated empirically by mathematical correlations. This limits the
reliability of model predictions and introduces uncertainties that may not be acceptable to regulatory agencies. In
this case the currently accepted animal test, the canine cardiac sensitization test, will still be required for meeting
regulatory standards. This does not mean that the alternative test cannot be used effectively for screening
purposes with the prospect that chemicals with low toxicity in vitro will easily pass the in vivo test. With a better
understanding of the mechanisms involved in the cardiac sensitization process, better in vitro tests can be

developed that ultimately will gain regulatory acceptance in addition to their value as screening tools.
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